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We investigate a hybrid quantum system that consists of a superatom coupled to a surface phonon-
polariton. We apply this hybrid quantum system to subtract individual photons from a beam of
light. Rydberg atom blockade is used to attain absorption of a single photon by an atomic microtrap.
Surface phonon-polariton coupling to the superatom then triggers the transfer of the excitation to
a storage state, a single Rydberg atom. The approach utilizes the interaction between a superatom
and a Markovian bath that acts as a controlled decoherence mechanism to irreversibly project the
superatom state into a single Rydberg atom state that can be read out.
PACS numbers: 42.50.Ct, 32.80.Ee, 42.50.Dv, 42.50.Ex, 32.80.Rm, 78.68.+m, 71.36.+c
Devices like quantum computers that rely on entan-
glement have proven difficult to realize and make robust.
One school of thought suggests advances require link-
ing quantum sub-systems that are individually tailored
to meet specific challenges presented by effects such as
dephasing, readout and interfacing to conventional elec-
tronics, so called hybrid quantum systems [1]. Conse-
quently, developing experiments and theory for the use-
ful interfacing of disparate quantum objects like atoms
and surfaces is increasingly important and interesting.
In this paper, we investigate a hybrid quantum sys-
tem that consists of a superatom coupled to a surface
phonon-polariton (SPP) [2], Figure 1. A superatom is a
single Rydberg excitation coherently shared by a cluster
of atoms contained in a volume determined by the block-
ade radius, rb [3–6]. rb is the distance over which pair
interactions between Rydberg atoms [7, 8] shift the exci-
tation of a second Rydberg atom out of resonance with
the laser driving the transition. The coupling of a super-
atom to a SPP is a resonant process because SPPs are
discrete resonances that occur at the interface between
2 media when one has a negative dielectric constant and
the other a positive one. Atom SPP coupling has been
investigated previously in other contexts [9, 10].
We apply these concepts to design a scheme for sub-
tracting individual photons from a beam of light, to ei-
ther count photons or generate quantum light fields. We
exploit the properties of Rydberg atom blockade to limit
absorption by an atomic microtrap, whose size is smaller
than rb, to a single photon [11]. After absorption, the
single excitation is stored by coupling the superatom to
a SPP that quickly decays into the bulk polariton modes
of a dielectric. The coupling between the superatom and
the SPP is resonantly enhanced so that a specific Ryd-
berg atom storage state can be populated. The decay
to the storage state is irreversible and decoheres the su-
peratom, which is important for detecting the photon
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FIG. 1. (Color online) (a) Schematic view of photon sub-
traction and counting concept. Atoms are trapped above an
atom chip. On top of the chip is a dielectric substrate. Laser
beams parallel to the chip surface excite atoms into a super-
atom state. The decay of the superatom is resonantly en-
hanced by coupling to a SPP, shown in the foreground. (b)
Level scheme for single photon absorption. A two photon ex-
citation, with coupling constants Ωsm and Ωex, produces a
single excitation in a Rydberg state |a〉 shared by the trapped
atoms. From there it decays with an enhanced rate Γsf due
to the SPP coupling to |s〉. |b〉 represents all outcomes where
information is lost, via decay of the Rydberg atoms at rate
Γr.
subtraction and decoupling the excitation from the light
fields. The excitation phase of the process benefits from
the
√
N enhancement of the transition amplitude sup-
plied by the superatom state, where N is the number of
atoms making up the superatom. In contrast, the stor-
age state is a single excited Rydberg atom that decays at
the rate of the populated Rydberg state. The dephasing
of the superatom is accomplished via decay into the SPP
and Rydberg storage state. The correlations of the SPP
Markovian bath die away much faster than the coherent
dynamics present in the overall system, effectively per-
forming an irreversible measurement on the superatom.
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2The Rydberg atom in the storage state blocks any further
excitations. We show it is possible with current technolo-
gies to realize this scheme.
Most experiments and theory to date in quantum in-
formation focus on coherent coupling and explicitly try
to avoid decoherence. However, in some cases, decoher-
ence can aid in controlling and speeding up a desired
quantum dynamical process [12]. Controlled decoherence
can, therefore, be a useful tool for designing quantum
devices. One of the challenges of using decoherence as a
tool is to introduce the noise in a controlled way. One
possibility that has been realized is to use a laser speckle
field [11, 13], but this approach does not work for all
applications. In our work, we introduce Rydberg atom
SPP coupling [14] as a new, flexible and viable way to
use decoherence in a controlled manner. Using the SPP
coupling to a Rydberg atom allows dephasing to be con-
trolled in many ways, including the distance dependence
of the atom-SPP coupling, state selection and patterning
of a surface with thin films to manipulate the SPP char-
acteristics [15, 16]. More broadly, this hybrid quantum
system offers the advantages of high frequency resonant
coupling, the possibility of turning interactions on and
off optically, terahertz coupling to conventional electron-
ics and the ability to access ground atomic states with
long coherence times. These properties can potentially
be exploited to design other devices.
I. GENERAL IDEA
For our device, we envision atoms being confined in
a trap close to an atom chip, ∼ 3 − 10µm, which is
covered with a transparent dielectric, Figure 1. The
trap volume is smaller than the Rydberg atom block-
ade volume, ∼ 1µm3. Traps with these dimensions have
been realized experimentally [17, 18]. An electromag-
netic field mode of a light source with Rabi frequency
Ωsm is focused through the atomic cloud. Together with
a strong excitation laser, Ωex, the source drives a de-
tuned two-photon excitation to a Rydberg superatom
state |sa〉, with ∆e  Ωex, where ∆e is the detuning from
an intermediate state |e〉. The single atom two photon
Rabi frequency Ωa = ΩsmΩex/ (4∆e) after adiabatically
eliminationg |e〉. Under these conditions, the effective
Rabi frequency for this superatom state is Ωeff =
√
NΩa
[6]. Since ∆e is chosen much larger than Ωsm and Ωex,
the excitation linewidth is determined by Ωeff and the
decay rate of the Rydberg state. When the Rydberg
atom blockade shifts are much greater than the effective
linewidth of the |g〉 → |sa〉 transition, all other photons
from the source are transmitted through the trap. A se-
ries of traps along the propagation direction of the source
mode allows for multiple subtractions and counting of
photons. The bandwidth of the device is determined by
the range over which Ωeff can be large while still allow-
ing the adiabatic elimination of |e〉 and the tuning range
of the Rydberg excitation laser. The
√
N enhancement
in the excitation is the only place where the superatom
concept is important. We use |a〉 to denote the Rydberg
state used to form
|sa〉 = 1√
N
N∑
i=1
|g1, g2, · · · , ai , · · · , gN−1, gN 〉 . (1)
For a practical device, the superatom excitation needs
to be irreversibly transferred to a storage state |s〉 so that
it decouples from the light fields and can be read out [11].
In our scheme, the storage state |s〉 is one of the possi-
ble product states |si〉 = |g1, g2, · · · , si , · · · , gN−1, gN 〉.
It is important that the transfer process to |s〉 happens
as fast as possible with maximum efficiency, implying op-
timization occurs for critical damping when considering
the atom as an oscillator. For critical damping, the de-
cay rate to |s〉 is two times faster than the effective two-
photon Rabi frequency, Γsf = 2Ωeff , since Ωeff is the ana-
log of the classical oscillation frequency [11]. The transfer
probability and time depend on the distance between the
atom cloud and the surface providing a variable to tune
them.
The excitation stored in |s〉 can be detected using the
scheme described in [11, 19, 20]. The remaining ground
state atoms are used to detect whether there is an exci-
tation in one of the |si〉. The excitation in |si〉 can be
detected by setting up another EIT system with a dif-
ferent Rydberg state, |d〉 6= |a〉 or |s〉. The detection EIT
is setup so the unshifted state |d〉 fulfills the two photon
EIT resonance condition. Under these conditions, the
presence of |s〉, in the form of one of the |si〉, shifts |d〉
out of resonance changing the absorptive and refractive
properties of the cloud [21, 22]. The change in refractive
index can be detected by means of a homodyne measure-
ment. |d〉 should be chosen such that the blockade radius
is close to the same size as |s〉 and |a〉. Similar to |s〉, |d〉
needs to be decoupled from the SPPs.
II. CALCULATIONS
To demonstrate our approach for realistic parameters,
we chose |a〉 and |s〉 using several criteria. |a〉 is cou-
pled via a two photon transition from |g〉, limiting us to
nS and nD states for |a〉, assuming alkali atoms. The
transition dipole moment between |a〉 and |s〉 has to be
strong enough to achieve sufficient coupling between the
Rydberg state and the SPP. The constraint on the SPP
coupling limits |s〉 to n′P and n′F states, where |n − n′|
is small. The energy difference between |a〉 and |s〉 also
has to be resonant with a SPP. For common materi-
als, the frequency of the lowest SPP modes range from
∼ 40 cm−1(≈ 1.2 THz) to 150 cm−1(≈ 4.5 THz) and are
discrete with widths ranging from ∼ 0.1 − 2 cm−1, e.g.
LaF3: 41 cm
−1[23] and quartz: 128 cm−1[24]. |s〉 should
also be chosen so it does not couple to SPPs, but pro-
vides a large enough blockade radius to prevent further
light absorption by the cloud. Finally, rb has to be large
3enough to provide full blockade for trap sizes on the order
of 1µm3.
Given this set of constraints, we chose 87Rb with
|a〉 = ∣∣37S1/2〉 for our calculations. In contrast to D-
states with similar n, S-states provide repulsive Rydberg
atom interactions, so no molecules can be formed [25–27].
The transition energy to |s〉 = ∣∣31P3/2〉 is ∼ 40.8 cm−1,
matching the lowest SPP of LaF3. Another reason for
choosing this transition is that LaF3 is commercially
available as a single crystal that can be cut in differ-
ent orientations and is easily polished so the surface is of
high optical quality with surface variations of less than
1 nm. |a〉 and |s〉 have no other significant couplings to
LaF3 SPPs. In general, the SPP modes of a material are
tunable by changing the temperature and the orientation
of the crystal surface. A ∼ 40.8 cm−1 SPP has a wave-
length of 244µm ensuring that the trap is in the near
field regime for atom - surface separations of less than
λ/2pi ≈ 39µm. For our model calculations this gives
2piz/λ ∼ 0.1, where z is the distance between the atoms
and the surface. These choices for the states reduce the
effective system to the one shown in Figure 1b.
Figure 2a shows a calculation of the energy shift, or
Rydberg atom interaction, as a function of internuclear
separation [7, 8] for two atoms in |a〉 (red colors) and
one in |a〉 and the other one in |s〉 (blue colors). The
plots show that for |a〉 = ∣∣37S1/2〉 and |s〉 = ∣∣31P3/2〉 the
energy shift versus atom separation is almost the same for
all relevant interactions. As a consequence, rb does not
change significantly if the excitation decays to |s〉. For the
internuclear separations shown, the actual potentials are
well approximated by a∝ r−6 Van-der-Waals interaction.
On the lower right side of Figure 2a, the excitation
linewidth for the cases when Ωex dominates, and when
the decay is optimized, Γsf = 2Ωeff , are shown. For
these calculations, an experimentally feasible Ωeff =
2pi×1 MHz [28] was used. By comparing these linewidths
with the Van-der-Waals shift, rb can be obtained. Once
the shift is larger than the linewidth, the excitation is out
of resonance with the light fields. rb without coupling to
the polaritons is [3–6]
rb(|a〉 , |a〉) ≈ 6
√
C6(|a〉 , |a〉)
h¯
√
Ω2eff/2
, (2)
but changes due to the shorter lifetime of |a〉 and the
different C6 coefficient to
rb(|a〉 , |s〉) ≈ 6
√√√√ C6(|a〉 , |s〉)
h¯
√
(Γsf/2)
2
+ Ω2eff/2
. (3)
after decay to |s〉. The reduction of rb due
to optimization of the damping is as small as
rb(|a〉 , |s〉)/rb(|a〉 , |a〉) ≈ 12
√
1/3 ≈ 0.9 for Γsf = 2Ωeff
and C6(|a〉 , |a〉) ≈ C6(|a〉 , |s〉). To strongly suppress a
second excitation in the trap, the blockade shift has to be
much larger than the excitation linewidth. rT ≈ 1.25µm
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FIG. 2. (Color online) (a) Rydberg pair interaction
and blockade radius for the asymptotic states (|a〉 , |a〉) =
(
∣∣37S1/2〉 , ∣∣37S1/2〉) and (|a〉 , |s〉) = (∣∣37S1/2〉 , ∣∣31P3/2〉). For
this combination of states the C6 coefficients are similar. The
excitation linewidth (dashed lines) for the case of strong Ωeff
and critical damping are indicated, which defines blockade
radii rb. Ωeff = 2pi× 1 MHz. (b) LaF3 induced decay rate for
state |a〉 (blue) in resonance and (red) detuned by 3 cm−1 from
a polariton resonance at 40.8 cm−1 with a width of 0.2 cm−1
in a 1µm diameter trap. The dashed lines mark the spread
due to the finite size of the trap. The proposed trapping
distance of 3.8µm is shown and the green lines indicate the
decay rates Γr = 6 kHz and 30 kHz used for simulations, see
main text. The figure shows the superatom is weakly coupled
to the surface if transitions are detuned by > 3 cm−1. These
transition rates decrease if the change in n is increased, as
the transition dipole is much reduced. Transitions to lower
Rydberg states via other LaF3 SPP modes are not resonant,
making them negligible.
marks the distance at which the excitation probability
drops below 1%. For further calculations rT = 1µm is
used for the trap diameter. This argument and the plots
in Figure 2a demonstrate that a Rydberg atom in |a〉
or |s〉 blocks the chance of more than one excitation oc-
curring in a trap of size rT = 1µm with a probability
> 99%.
4To model the interaction between the Rydberg atom
and SPP in the near field regime, we follow the approach
in [29]. The transition dipole moment 〈a| dˆ |s〉 couples the
excitation in |a〉 to a SPP mode with frequency ωpol and
linewidth Γpol. Γpol results from decay of the SPP into
bulk polariton modes. The Rydberg atom decay rate has
a z−3 dependence, where z is the distance between the
Rydberg atom and the surface:
Γsf =
σ2
8pi0hz3
∣∣∣〈a| dˆ |s〉∣∣∣2 ω2polω|a〉,|s〉Γpol(
ω2pol − ω2|a〉,|s〉
)2
+ ω2|a〉,|s〉Γ
2
pol
,
(4)
where σ2 = (ε0−1)/(ε0+1)−(ε∞−1)/(ε∞+1) is the dif-
ference in polarizability of the dielectric at low and high
frequency. ω|a〉,|s〉 is the transition frequency between the
states |a〉 and |s〉. The rate is enhanced at room tempera-
ture by a thermal factor Θ = (1−exp (−βh¯ωpol))−1 ≈ 5.5
[29]. If the SPP is resonant with the atomic transition,
ω|a〉,|s〉 = ωpol, the Lorentzian in Equation (4) reduces
to a resonant factor ωpol/Γpol, which can be more than
100. For example, the resonance in LaF3 (quartz) at
41 cm−1 (394 cm−1) has a relative width γ = 0.005 [23]
(γ = 0.007±0.001 [24]) resulting in an resonant enhance-
ment of 1/γ = 200 (1/γ ≈ 143). The resonant coupling
rate between a single Rydberg atom and the SPP follows
as
Γsf,opt =
σ2Θ
8pi0hz3
|dsingle|2 ωpol
Γpol
. (5)
Γsf,opt can be further increased by fabricating a thin
metal film, or layers of such films, on the surface of the
dielectric to create a SPP waveguide. A waveguide allows
the SPPs to travel further on the surface by reducing
their decay rate into the bulk polaritons. This can lead
to a reduction in the SPP’s linewidth by a factor > 10
[30], which increases Γsf,opt by the same factor. Other
possibilities to increase the coupling are e.g. gratings
[31]. An increase in the lifetime of the SPP’s by a factor
of 10 does not change the fact that the decay of |sa〉 to |s〉
is irreversible as the decay of the SPP into bulk polaritons
is still much faster than any other time scale present in
the atomic dynamics.
This strong coupling between the SPPs and the bulk
polariton modes of the dielectric leads to a fast transfer
from the surface to the bulk, ∼ 1/Γpol. The bulk modes
are a Markovian bath and all correlations die away on a
timescale that is much faster than all the atomic dynam-
ics. Due to this fast decoherence, the storage state is not
a coherent superposition, but one of the single excited
states |si〉. The superatom can decay into each of the
|si〉 equally, resulting in a total optimized decay rate
Γsf,sa,opt =
N∑
i=1
σ2Θ
8pi0hz3
∣∣∣〈sa| dˆ |si〉∣∣∣2 ωpol
Γpol
, (6)
where 〈sa| dˆ |si〉 = dsingle/
√
N . This decrease in the tran-
sition dipole moment is due to the reduced contribution
of each |ai〉 in |sa〉. Summing over the N individual de-
cay possibilities, each scaling as d2 ∝ 1/N , results in a
superaton decay rate Γsf,sa,opt = Γsf,opt, the single atom
decay rate.
Figure 2b shows the resonant SPP decay rate (blue)
for a superatom as a function of z. The single atom
transition dipole moment dsingle =
〈
37S1/2
∣∣ dˆ ∣∣31P3/2〉 ≈
15.5 ea0 and Γpol = 0.2 cm
−1, corresponding to LaF3.
The dielectric constants used for LaF3 are ε0 = 14 and
ε∞ = 2.56 [32]. For a distance z ≈ 3.8µm, Γsf,opt =
2Ωeff ≈ 2pi × 2 MHz is achieved, sufficient to realize our
scheme with a trap compatible with current methods [17,
18]. Note that this is the distance to the surface of the
dielectric, not to the atom chip itself. Superatoms of this
size can be realized in magnetic microtraps with sub-
Poissonian number fluctuations at distance of < 10µm
[33].
After decay to |s〉, the coherence of the superatom is
lost. If |s〉 is detuned from the same or another SPP
by 15Γpol (red) or more, its decay is completely deter-
mined by Γr,31P3/2 = 2pi × 6.6 kHz [34, 35], the Rydberg
atom decay rate, Figure 2b. A possible detection state
|d〉, of which there are many possibilities, whose clos-
est transition is also detuned by 15Γpol (red), also cou-
ples to the surface at a rate comparable to Γr at these
distances. Figure 2b shows that by choosing the other
Rydberg states involved in the process so that they are
detuned from SPP resonances by at least 3 cm−1, decay
from those states via SPPs is negligible.
To simulate the system dynamics, we used a density
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FIG. 3. (Color online) Probability of finding the system in
|s〉 for different Rydberg atom decay rates Γr and effective
Rabi frequencies Ωeff . orange: Γr = 2pi × 30 kHz, Ωeff =
2pi × 1 MHz, blue: Γr = 2pi × 6 kHz, Ωeff = 2pi × 1 MHz,
red: Γr = 2pi × 6 kHz, Ωeff = 2pi × 3 MHz. The dashed line
represents the underdamped case, Γsf = Ωeff/2 and the dot-
dashed line shows the overdamped regime, Γsf = 4Ωeff . The
solid line represents critical damping, Γsf = 2Ωeff . The dotted
black lines indicate the Rydberg decay, Γr. Inset: Probability
vs. time of finding the system in |g〉 (orange), |a〉 (green),
|s〉 (blue) and |b〉 (red) for Ωeff = 2pi × 1 MHz, Γsf = 2Ω,
Γr = 2pi × 6 kHz.
5matrix approach for the level scheme in Figure 1b. We
adiabatically eliminated |e〉 since ∆e  Ωex and used
Ωeff to coherently couple |g〉 and |sa〉. The decay from
|sa〉 into |s〉 via production of a SPP is modeled as an
enhanced spontaneous decay with a rate Γsf . Both Ry-
dberg states |a〉 and |s〉 decay with their respective Ry-
dberg decay rates Γr into |b〉, modeling the loss in the
system dynamics.
Figure 3 shows the result of the calculations for Ωeff =
2pi×1 MHz (blue). The solid line represents the dynamics
for the optimized decay rate Γsf = 2Ωeff . In this case,
the transfer to |s〉 is the fastest and the readout time is
only limited by the Rydberg decay. Our results indicate
a readout window of more than 2µs is available with a
fidelity f > 90%. The transfer is slower for the over- and
underdamped regime (dot-dashed and dashed line), but
f = 90% can still be achieved, albeit in a shorter time
window. f strongly depends on the Rydberg lifetime.
Calculations for an increased decay rate are shown in
Figure 3 for Γr = 2pi × 30 kHz instead of 2pi × 6 kHz
(orange). In this case, the time window for f > 80% is
decreased to < 1µs. The performance can be improved
with faster dynamics. The red lines in Figure 3 show
calculations for an effective Rabi frequency Ωeff = 2pi ×
3 MHz to demonstrate this point.
The inset in Figure 3 shows the time evolution of the
different states involved in the photon subtraction pro-
cess for Γsf = 2Ωeff . The Rydberg decay rate Γr =
2pi × 6 kHz for the plots in the figure. In the beginning,
|g〉 (orange) is fully populated. Within the first 0.5µs,
the absorbing state |a〉 (green) is populated. However,
due to the decay into |s〉, the population is very quickly
transferred to the storage state |s〉 (blue). Only at longer
times, > 1µs, does the Rydberg decay to the unwanted
state |b〉 (red) become significant. The dashed line indi-
cates this decay. The calculations in Figure 3 show that
our approach is feasible and robust.
III. CONCLUSION
We have shown that Rydberg atom SPP coupling can
be used to add decoherence in a controlled way to make
a quantum device, a single photon counter or subtractor.
The parameters discussed in the text are all experimen-
tally achievable. The decoherence process can be sped
up by trapping the atoms closer to the surface or uti-
lizing stronger, perhaps optimally engineered [31], Ry-
dberg atom-SPP coupling. The SPP resonance can be
narrowed by a factor > 10 by coating the dielectric with
thin metal films to form a waveguide [30]. A SPP waveg-
uide can increase the Rydberg atom-SPP coupling and
allows one to decrease the time required for the whole
process. Likewise, patterning the surface in this manner
can also enable one to increase the distance between the
trap and the surface. Perhaps more significantly, we have
introduced a new hybrid quantum system that can be fur-
ther investigated for other quantum device applications.
The Rydberg atom- SPP system is particularly interest-
ing because of the spectral range where the couplings
between the SPP and Rydberg atom lie, ∼ 1 THz. We
are currently investigating the couplings between Ryd-
berg atoms and SPP’s experimentally using optical mea-
surement techniques we have developed for electric field
measurement [36, 37].
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